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DM abundance and distribution

Galactic abundance
N-body simulations and rotation curves
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per unit detector mass at a DM direct detection experiment is given by [22]

dR

dER
=

NT mN ρχ

2µ2
Nχ mχ

∫

vmin

d3"v
f("v,"vE)

v
σN F 2(ER) , (2.1)

where mN ≈ AmP is the nucleus mass with mP the proton mass and A the atomic number;

F (ER) is the nuclear form factor and accounts for the fact that the cross section drops as

one moves away from zero momentum transfer; the two-parameter Fermi charge distribution

is used to calculate F (ER) throughout this paper [23]; NT is the number of target nuclei per

unit mass, given by NT = NA/A with Avogadro’s number, NA = 6.02 × 1026 kg−1; σN is the

cross section to scatter of a nucleus, and µNχ is the reduced mass of the DM-nucleus system.

The DM mass is mχ and we take the local DM density to be ρχ = 0.3 GeV/cm3. The velocity

of the dark matter onto the (Earth-borne) target is "v. The Earth’s velocity in the galactic

frame, "vE , is the sum of the Earth’s motion around the Sun [22] and the Sun’s motion in the

galaxy [24]. We assume the WIMP velocity distribution is Maxwell-Boltzmann with velocity

dispersion v0 = 220 km/s. Thus,

f("v,"vE) =
1

(π v2
0)

3/2
e−("v+"vE)2/v2

0 . (2.2)

As a function of time in the galactic frame, the Earth’s velocity is vE ≈ 227+14.4 cos [2π
(

t−t0
T

)

]

km/s, with T = 1 year and t0 is around June 2nd. The DM velocity distribution is cut-off

at the galactic escape velocity. Thus, the upper limit of the integration in (2.1) is given by

|"v + "vE| ≤ vesc, and the lower limit, since we will consider elastic scatters, is given by

vmin =

√

mNER

2µ2
Nχ

. (2.3)

The current allowed range for the galactic escape velocity [25] is 498 km/s ≤ vesc ≤ 608

km/s. For concreteness we set vesc = 500 km/s. Increasing this value slightly increases our

allowed parameter space, but the general features remain unchanged. Because of different

energy detection efficiencies for different detectors, a quench factor fq is introduced to relate

the observed recoil energy, ĒR, to the actual recoil energy ER, ER = ĒR/fq. This allows one

to convert Eq. (2.1) to the experimental differential spectrums as dR/dĒR = 1/fq dR/dER.

For example, we take the quench factor fq = 0.085 for the iodine element in the DAMA

experiment.

In the usual calculation the nuclear cross section σN is related to the nucleon scattering

cross section, σp, by,

σN =
(Zfp + (A − Z)fn)2

f2
p

µ2
Nχ

µ2
nχ

σp , (2.4)

where fp,n are the coupling strengths of DM to protons and neutrons and µnχ is the DM-

nucleon reduced mass. Here however, we wish to work explicitly with the nuclear scattering

cross section, and leave relating it to the microscopic Lagrangian to later, section 3. In

– 3 –

ρDM ∼ 0.3 GeV cm
−3
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Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly
history of the host halo, rather than individual streams or subhalos. The extrema of the
sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain
velocities, and these are due to just such discrete structures. Note that although only
a small fraction of sample spheres exhibits such spikes, they are clearly present in some
spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes
out most of the broad bumps, but the spikes remain visible, especially in the high veloc-
ity tails, where they can profoundly affect the scattering rates for inelastic and light DM
models (see Section 4).
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DM’s properties

•“Cold” dark matter
•Non-baryonic
•Stable on cosmological time scales
•“Dark”, i.e. neutral under SM

Possible candidates:

•Axions
•Gravitinos
•Primordial black holes
•MACHOs
•WIMPs e.g. SUSY neutralino, KK-mode of UED, techni-
baryons, lightest T-odd little Higgs particle, LPOPs....
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DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

WIMP

superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)

16

Ωh2 ≈ 0.1
(

m/T

20

) ( g∗
80

)−1
(

3× 10−26cm2s−1

σv

)

χχ ↔ f̄f

〈σv〉 ∼ α2
W

M2
W

∼ 1 pb ∼ 3× 10−26cm2s−1

Amazing (misleading?) fact: 
[Feng and Kumar]
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Searching for dark matter
(here, there and everywhere)

Direct detection
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Direct Detection

SM

χ

SM

χ

How to distinguish this small number of low energy 
events from backgrounds?

ER ∼

q2
χ

2 MT

∼ 100 keV

R ∼ NT
ρχ

mχ

〈σv〉 ≈ 1 event/day/kg
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Existing DD bounds

χ

q

χ

q

CDMS, XENON, DAMA, 
CoGeNT, COUPP, 

CRESST, ......

(Assume local abundance is 0.3 GeV/cm3)
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DAMA/Na

CoGeNT

CDMS

EDELWEISS

XENON100 (2010)

XENON100 (2011)
Buchmueller et al.

FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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this operating pressure and temperature, an alpha particle
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and there is clear evidence of a neutron background from
the multiple scatter events, so these three events are likely
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WIMP candidates results in a 90% Poisson upper limit of
6.7 for the mean of the signal. The resulting improved
limits on spin-dependent WIMP-proton couplings are
shown in Fig. 4. The spin-independent sensitivity that
can be extracted from present data is comparable to that
obtained by the CDMS Collaboration in another shallow
underground facility [13]. The calculations assume
the standard halo parametrization [14], with !D ¼
0:3 GeV c"2 cm"3, vesc ¼ 650 km=s, vE ¼ 244 km=s,
v0 ¼ 230 km=s, and the spin-dependent couplings from
the compilation in Tovey et al. [15].

In view of the #10"11 intrinsic rejection against mini-
mum ionizing backgrounds [5] and the acoustic alpha
rejection demonstrated in this Letter, a leading sensitivity
to both spin-dependent and spin-independent WIMP cou-
plings can be expected from the operation of CF3I bubble

chambers deep underground. A first exploration of the
constrained minimal supersymmetric model (cMSSM)
spin-dependent parameter space [16] of supersymmetric
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1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.
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production cross section in the two cases to be
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αs g2χ g
2
q

p2
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M4 M " pT ,

(2)

where αs is the QCD coupling and pT is the transverse momentum of the jet, which is typically

∼ O(100)GeV at the Tevatron2. Thus, for the heavy mediator case the (partonic) production cross

section at the Tevatron, where pT ∼ 100 GeV, is O(1000) times larger than the direct detection cross

section for µ ∼ 1 GeV when the DM is heavier than the nucleon mass. The CDF mono-jet search [2]

analysed ∼ 1 fb−1 and saw no significant discrepancy from the SM, thus limiting the DM + mono-jet

production cross section to be smaller than ∼ 500 fb. Due to the factor of 1000 mentioned above,

this will translate to bounds in the neighborhood of 0.5 fb in direct detection experiments, the exact

bound at direct detection experiments will depend upon the details of the parton density functions

relating the partonic cross section of (2) to the actual CDF mono-jet bound.

This is to be compared with direct detection current searches. Null results from experiments such

as CDMS [3], XENON[4, 5] and others, place strong constraints on the cross section of DM to recoil

from a nucleus, σ ! 10−3 − 10−4 fb for a 10-100 GeV WIMP scattering elastically through a spin

independent (SI) interaction. Thus, for this situation it seems that direct detection has greater reach.

However, due to the threshold to detect a DM recoil in these experiments there is a DM mass below

which these experiments are no longer sensitive, typically this lower bound is mχ ∼ 5− 10 GeV, there

is no such threshold in collider searches.

Furthermore, the DAMA collaboration [6] have observed a signal consistent with DM scattering

from NaI which is inconsistent with bounds on a standard WIMP from CDMS and other experiments.

This has motivated the introduction of non-standard DM scenarios that can make these seemingly

discrepant results consistent. The cross sections necessary to explain DAMA are considerably larger

than 10−3fb and may allow these scenarios to be probed directly at the Tevatron, due to the increase

in cross section described above. Another possibility that has been motivated both by DAMA and

the recent CoGeNT [7] excess is that dark matter is light, below about 10 GeV, and is thus transfers

small momenta to nuclei giving a signal near threshold. The Tevatron will place a strong bound for

dark matter particles below 5 GeV. Finally, spin-dependent (SD) WIMP-nucleus scatterings are not

coherent and therefore are not enhanced by an A2 factor. Typical bounds on a SD WIMP-proton

scatter from direct detection are ∼ 1 fb , and will be severely impacted by the mono-jet bounds

presented here.

2Note that (2) is only qualitative in nature. The limits are correct for mediator masses well above and below the pT
of the jet.
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1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.
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in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

σ1j ∼ αsg
2

χg2

q

p2
T

M4

(µ ∼ 1 GeV)(pT ∼ 100 GeV)

σ1j

σDD

∼ O(1000)

Consider massive mediator:

In 1 invfb CDF saw 8449 mono-
jet events, expected 8663   332 ±

⇒ σ1j <
∼

500 fb

⇒

σDD
<
∼

0.5 fb = 5 × 10
−40

cm
2
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 4 (color). Improved limits on spin-dependent WIMP-
proton elastic scattering from the data presented in this Letter.
A previous COUPP result [5] is shown for comparison. Direct
detection limits from the PICASSO experiment [17], cyan curve,
and the KIMS experiment [18], green curve, are shown. Limits
on neutralino annihilation in the Sun from the IceCube [19],
magenta curve, and Super-Kamiokande [20], black curve, neu-
trino observatories are also plotted. The indirect detection limits
from the neutrino observations have additional dependence on
the branching fractions of the annihilation products. The gold
region indicates favored regions in cMSSM [16]. The blue,
dashed-dotted line is the expected cross section for ‘‘maverick’’
dark matter with !h2 ¼ 0:1 [21].
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg× days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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the multiple scatter events, so these three events are likely
not alpha decays. Therefore the presently derived alpha
background rejection should be considered a conservative
assessment for the potential of this technique. We expect an
improved estimate from runs in a deeper underground site,
where the residual neutron background should be absent.
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In view of the #10"11 intrinsic rejection against mini-
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rejection demonstrated in this Letter, a leading sensitivity
to both spin-dependent and spin-independent WIMP cou-
plings can be expected from the operation of CF3I bubble

chambers deep underground. A first exploration of the
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FIG. 4 (color). Improved limits on spin-dependent WIMP-
proton elastic scattering from the data presented in this Letter.
A previous COUPP result [5] is shown for comparison. Direct
detection limits from the PICASSO experiment [17], cyan curve,
and the KIMS experiment [18], green curve, are shown. Limits
on neutralino annihilation in the Sun from the IceCube [19],
magenta curve, and Super-Kamiokande [20], black curve, neu-
trino observatories are also plotted. The indirect detection limits
from the neutrino observations have additional dependence on
the branching fractions of the annihilation products. The gold
region indicates favored regions in cMSSM [16]. The blue,
dashed-dotted line is the expected cross section for ‘‘maverick’’
dark matter with !h2 ¼ 0:1 [21].
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Operators

strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.
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CDF mono-jet search
[http://www-cdf.fnal.gov/physics/exotic/r2a/20070322.monojet/public/ykk.html]

•1/fb analysed

pT (j1) > 80 GeV

/ET > 80 GeV

pT (j2) < 30 GeV

pT (j3) < 20 GeV

Observed: 8449 events
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Figure 1: The constraints on the cutoffs of different operators from the CDF mono-jet search data at
90% C.L..

2.1 Tevatron limits

The CDF collaboration has performed a search for one jet events with large missing transverse energy

using 1.1 fb−1 of data [2]. CDF considered events with a leading jet pT and missing transverse

energy both greater than 80 GeV. Events with a second jet with a pT < 30 GeV were included but

events with additional jets with transverse energy above 20 GeV were not. The number of observed

events was 8449, a slight deficit compared to an expected background of 8663±332. The standard

model backgrounds are dominated by Z+jet, W+jet with a missed lepton. QCD and “non-collision”

background events contribute subdominantly to the background, but due to their high uncertainty

they add a significant portion to the uncertainty of the background. The pT spectrum observed by

CDF compares well with the expected background, however since the background uncertainty was

only presented for the total number of events we will only use a simple counting experiment to place

4

O1 O2

O3 O4
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Spin independent

strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.

3

⇒

fp
u = fn

d = 2

fp
d = fn

u = 1

0.5 1.0 5.0 10.0 50.0 100.0

10!44

10!42

10!40

10!38

10!36

mΧ !GeV"

Σ
S
I!
p
!c
m
2
"

uΓ
Μ u ΧΓ

ΜΧ
dΓ
Μ d ΧΓ

ΜΧ
uuΧ
Χ

ddΧ
Χ

CDMS

CoGeNT
DAMA

DAMA
!w. channeling"

0.5 1.0 5.0 10.0 50.0 100.0

10!44

10!42

10!40

10!38

10!36

mΧ !GeV"

Σ
S
I!
n
!c
m
2
"

uΓ
Μ u ΧΓ

ΜΧ
dΓ
Μ d ΧΓ

ΜΧ
uuΧ
Χ

ddΧ
Χ

CDMS

CoGeNT
DAMA

DAMA
!w. channeling"

Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb−1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,

7

f = 0otherwise

matter is not an impediment to their production at colliders. In addition, the Tevatron is not limited

by the features of the DM velocity distribution in our galaxy and so is able to probe down to very

low dark matter masses, well below the thresholds of direct detection experiments. Colliders will

also be powerful in constraining direct detection scenarios in which a small fraction of dark matter is

participating in scattering, but with an enhanced rate (such as [15] though in this particular model

the interaction is mediated by a light boson which relaxes the bound). Additionally, vector couplings

that are purely to strange or other sea quarks are not accessible to direct detection experiments and

collider bound may be the only way to discover them experimentally.

In our analysis we place explicit limits on single flavor operators, we comment on the bounds on

combinations of operators at the end of this section. Flavor universal operators will have results that

are close to the best single flavor operator (typically that of up). We note in passing that mono-jet

searches will not be able to constrain models where the DM-SM coupling does not involve two neutral

states from the dark sector. For instance resonant dark matter (rDM) [19] involves the DM state and

a nearby charged state and so its Tevatron signal would instead be a jet, missing energy and a charged

track.

3.1 Spin independent

The operators O1 and O2 induce a spin independent scattering of dark matter off of nuclei. To compute

this scattering cross section off a nucleon, N = p, n, we will need to know the quark content of the

nucleon 〈N |q̄ Γ q|N〉 for each of these operators. At the nucleon level these operators become

ONq
1 = BN

q

(

N̄N
)

(χ̄χ)

Λ2
, (4)

ONq
2 = fN

q

(

N̄γµN
)

(χ̄γµχ)

Λ2
,

we consider the case M2 # q2 and Λ = M/
√

gχgq. The coefficients necessary to translate the quark

level operators to the nucleon operators are given by [20, 21, 22]

Bp
u = Bn

d = 8.22 ± 2.26 ,

Bp
d = Bn

u = 6.62 ± 1.92 ,

Bp
s = Bn

s = 3.36 ± 1.45 (5)

In extracting these conversion factors we have used the quark masses ratios mu/md = 0.553 ± 0.043,

ms/md = 18.9 ± 0.8 and quark mass ms = 105 ± 25 MeV[23].

For the vector operator, O2, fp
u = fn

d = 2 and fp
d = fn

u = 1 and for all other quarks f = 0. Note

this means that if the DM couples through vector couplings to second and third generation quarks
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strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb−1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,

7

f = 0otherwise

World’s best limits
at low mass

matter is not an impediment to their production at colliders. In addition, the Tevatron is not limited

by the features of the DM velocity distribution in our galaxy and so is able to probe down to very

low dark matter masses, well below the thresholds of direct detection experiments. Colliders will

also be powerful in constraining direct detection scenarios in which a small fraction of dark matter is

participating in scattering, but with an enhanced rate (such as [15] though in this particular model

the interaction is mediated by a light boson which relaxes the bound). Additionally, vector couplings

that are purely to strange or other sea quarks are not accessible to direct detection experiments and

collider bound may be the only way to discover them experimentally.

In our analysis we place explicit limits on single flavor operators, we comment on the bounds on

combinations of operators at the end of this section. Flavor universal operators will have results that

are close to the best single flavor operator (typically that of up). We note in passing that mono-jet

searches will not be able to constrain models where the DM-SM coupling does not involve two neutral

states from the dark sector. For instance resonant dark matter (rDM) [19] involves the DM state and

a nearby charged state and so its Tevatron signal would instead be a jet, missing energy and a charged

track.

3.1 Spin independent

The operators O1 and O2 induce a spin independent scattering of dark matter off of nuclei. To compute

this scattering cross section off a nucleon, N = p, n, we will need to know the quark content of the

nucleon 〈N |q̄ Γ q|N〉 for each of these operators. At the nucleon level these operators become

ONq
1 = BN

q

(

N̄N
)

(χ̄χ)

Λ2
, (4)

ONq
2 = fN

q

(

N̄γµN
)

(χ̄γµχ)

Λ2
,

we consider the case M2 # q2 and Λ = M/
√

gχgq. The coefficients necessary to translate the quark

level operators to the nucleon operators are given by [20, 21, 22]

Bp
u = Bn

d = 8.22 ± 2.26 ,

Bp
d = Bn

u = 6.62 ± 1.92 ,

Bp
s = Bn

s = 3.36 ± 1.45 (5)

In extracting these conversion factors we have used the quark masses ratios mu/md = 0.553 ± 0.043,

ms/md = 18.9 ± 0.8 and quark mass ms = 105 ± 25 MeV[23].

For the vector operator, O2, fp
u = fn

d = 2 and fp
d = fn

u = 1 and for all other quarks f = 0. Note

this means that if the DM couples through vector couplings to second and third generation quarks
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strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.
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Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for
the up, down and strange (bottom to top solid lines) axial-vector operators. The projected Tevatron
constraints for the up-type and vector coupling operator are shown in the dot-dashed line. Relevant
experimental bounds are also shown. Right panel: the same as the left panel but for the constraints
on the spin-indepedent DM-neutron scattering cross section.

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842± 0.012 ,

∆p
d = ∆n

u = −0.427± 0.013 ,

∆p
s = ∆n

s = −0.085± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [22], PICASSO [23] and ZEPLIN III [24]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-
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Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for
the up, down and strange (bottom to top solid lines) axial-vector operators. The projected Tevatron
constraints for the up-type and vector coupling operator are shown in the dot-dashed line. Relevant
experimental bounds are also shown. Right panel: the same as the left panel but for the constraints
on the spin-indepedent DM-neutron scattering cross section.

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842± 0.012 ,

∆p
d = ∆n

u = −0.427± 0.013 ,

∆p
s = ∆n

s = −0.085± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in
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the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-

8

0.5 1.0 5.0 10.0 50.0 100.0
10
!42

10
!40

10
!38

10
!36

10
!34

mΧ !GeV"

Σ
S
D
!
p
!c
m
2
"

uΓΜΓ5u ΧΓΜΓ
5 Χ

dΓΜΓ5d ΧΓΜΓ
5 Χ

sΓΜΓ5s ΧΓΜΓ
5 Χ

C
O
U
P
P Xeno

n10

PICASSO

0.5 1.0 5.0 10.0 50.0 100.0
10
!42

10
!40

10
!38

10
!36

10
!34

mΧ !GeV"

Σ
S
D
!
n
!c
m
2
"

uΓ
ΜΓ5u ΧΓΜΓ

5 Χ

dΓ
Μ Γ
5 d ΧΓ

ΜΓ
5 Χ

sΓ
Μ Γ
5 s ΧΓΜ

Γ
5 Χ

X
e
n
o
n
1
0

Z
E
P
L
IN
III

Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for
the up, down and strange (bottom to top solid lines) axial-vector operators. The projected Tevatron
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on the spin-indepedent DM-neutron scattering cross section.
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caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842± 0.012 ,

∆p
d = ∆n

u = −0.427± 0.013 ,

∆p
s = ∆n

s = −0.085± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [22], PICASSO [23] and ZEPLIN III [24]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-

8

Saturday, April 23, 2011



0.5 1.0 5.0 10.0 50.0 100.010!42

10!40

10!38

10!36

10!34

mΧ !GeV"

Σ
SD
!
p
!cm2 "

uΓΜΓ5u ΧΓΜΓ5 Χ

dΓΜΓ5d ΧΓΜΓ5 Χ

sΓΜΓ5s ΧΓΜΓ5 Χ

COUPP

Xenon10PICASSO

Spin dependent

strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.
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because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842± 0.012 ,

∆p
d = ∆n

u = −0.427± 0.013 ,

∆p
s = ∆n

s = −0.085± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [22], PICASSO [23] and ZEPLIN III [24]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-
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strengths of these operators from the Tevatron mono-jet search. In Section 3 we will translate the

Tevatron bounds to limits on direct detection cross section for different dark matter scenarios. In

Section 4 we move on to introduce lighter mediators that are kinematically accesible at the Tevatron

and find that these can either slightly enhance or severely weaken the Tevatron bounds. In Section 5

we will discuss possible enhancements to the Tevatron dark matter search using the mono-jet pT

spectrum, and conclude.

2 Operators and mono-jets

Throughout this paper, we will assume a dark matter particle, χ, as a Dirac fermion. The operators

we will study are,

O1 =
i gχ gq

q2 −M2
(q̄q) (χ̄χ) ,

O2 =
i gχ gq

q2 −M2
(q̄γµq) (χ̄γ

µχ) ,

O3 =
i gχ gq

q2 −M2
(q̄γµγ5q) (χ̄γ

µγ5χ) ,

O4 =
i gχ gq

q2 −M2
(q̄γ5q) (χ̄γ5χ) , (3)

Here we take q = u, d, s and turn on each operator one at a time (but results for a flavor universal

operator will be easy to deduce). q2 is the exchanged momentum and the suppression scale M is

related to the mass of the particle whose exchange generates the four fermion operator.

This is a representative set of operators that will generate a variety of dark matter scattering

scenarios. Majorana dark matter will yield similar result (though for a Majorana spinor there are no

vector interactions). Initially we will assume that the mediator is heavy and integrate it out, but in

Section 4 we will discuss the effect of a light mediator. There are two additional operators χ̄σµνχFµν

and H†Hχ̄χ appearing up to the dimension six level. While they are less constrained at the Tevatron,

we leave their study and the study of operators involving the three heavy quark flavors to future work.

OperatorO1 leads to spin-independent coupling between the DM and a nucleus and can be thought

of as arising from exchange of a scalar of mass M , O2 is similar but occurs through vector exchange.

Operator O3 is generated through axial-vector exchange and gives a spin-dependent coupling, and O4

could arise from exchange of a pseudo-scalar and gives a momentum dependent and spin-dependent

DM coupling. Various combinations of these operators may be also generated by madiators charged

under the SM such as squarks in supersymmetry.

3

0.5 1.0 5.0 10.0 50.0 100.0
10
!42

10
!40

10
!38

10
!36

10
!34

mΧ !GeV"

Σ
S
D
!
p
!c
m
2
"

uΓΜΓ5u ΧΓΜΓ
5 Χ

dΓΜΓ5d ΧΓΜΓ
5 Χ

sΓΜΓ5s ΧΓΜΓ
5 Χ

C
O
U
P
P Xeno

n10

PICASSO

0.5 1.0 5.0 10.0 50.0 100.0
10
!42

10
!40

10
!38

10
!36

10
!34

mΧ !GeV"

Σ
S
D
!
n
!c
m
2
"

uΓ
ΜΓ5u ΧΓΜΓ

5 Χ

dΓ
Μ Γ
5 d ΧΓ

ΜΓ
5 Χ

sΓ
Μ Γ
5 s ΧΓΜ

Γ
5 Χ

X
e
n
o
n
1
0

Z
E
P
L
IN
III

Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for
the up, down and strange (bottom to top solid lines) axial-vector operators. The projected Tevatron
constraints for the up-type and vector coupling operator are shown in the dot-dashed line. Relevant
experimental bounds are also shown. Right panel: the same as the left panel but for the constraints
on the spin-indepedent DM-neutron scattering cross section.

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842± 0.012 ,

∆p
d = ∆n

u = −0.427± 0.013 ,

∆p
s = ∆n

s = −0.085± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [22], PICASSO [23] and ZEPLIN III [24]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-
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between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].
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Light mediators

1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.
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Figure 5: Left panel: constraints on the spin-independent DM-neutron scattering cross sections for
different mediator masses. Right panel: the same as the left panel but for the constraints on the
spin-depedent DM-neutron scattering cross section.

It should be emphasized however, that all of these models may escape the Tevatron bound if the

interaction of the thermal relic with matter is mediated by a light state, as we shall see below. One

may turn this statement around to conclude that if a dark matter model is directly detected in a

region that violates the collider bound, then the dark sector is not only a DM state, but contains a

new light mediator through which the DM interacts with the standard model.

4 Constraints on light mediators

In placing the bounds in the previous sections we have imagined that the only accessible state from the

dark sector is the DM itself, all other states associated with the dark sector are heavy [29]. However,

for certain operators the cutoff scale, shown in Figure 1, is low enough to be probed at the Tevatron.

In these situations it may be possible to produce the mediator that generates the four fermion operator

directly. If the mediator couplings with the SM and the dark sector are weak, i.e. ≤ O(1), then the

mediator mass is lower than the cutoff scale shown in Figure 1, further motivating consideration of

mediators within the Tevatron’s reach. Furthermore, recent cosmic ray excesses may be explained by

a dark sector that contains a light mediator, M ∼ 1 GeV, see for instance [30].

As discussed in the introduction, the ratio of the direct detection cross section to the mono-jet

production cross section is proportional to 1/M4 when the mediator is light. So, as the mediator

mass decreases, the constraints on the dark matter direct-detection from the mono-jet searches be-

come weaker. For a sufficiently light weakly coupled mediator that satisfies the mono-jet bound
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in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced
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It should be emphasized however, that all of these models may escape the Tevatron bound if the

interaction of the thermal relic with matter is mediated by a light state, as we shall see below. One

may turn this statement around to conclude that if a dark matter model is directly detected in a

region that violates the collider bound, then the dark sector is not only a DM state, but contains a

new light mediator through which the DM interacts with the standard model.

4 Constraints on light mediators

In placing the bounds in the previous sections we have imagined that the only accessible state from the

dark sector is the DM itself, all other states associated with the dark sector are heavy [29]. However,

for certain operators the cutoff scale, shown in Figure 1, is low enough to be probed at the Tevatron.

In these situations it may be possible to produce the mediator that generates the four fermion operator

directly. If the mediator couplings with the SM and the dark sector are weak, i.e. ≤ O(1), then the

mediator mass is lower than the cutoff scale shown in Figure 1, further motivating consideration of

mediators within the Tevatron’s reach. Furthermore, recent cosmic ray excesses may be explained by

a dark sector that contains a light mediator, M ∼ 1 GeV, see for instance [30].

As discussed in the introduction, the ratio of the direct detection cross section to the mono-jet

production cross section is proportional to 1/M4 when the mediator is light. So, as the mediator

mass decreases, the constraints on the dark matter direct-detection from the mono-jet searches be-

come weaker. For a sufficiently light weakly coupled mediator that satisfies the mono-jet bound
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Momentum dependent

the constraint on direct detection will not be competitive with those from direct detection experi-

ments themselves. However, there is an interesting regime with both a light mediator and light DM,

2mχ < M < s1/2, where the production of DM in mono-jet events can take place through an on-shell

mediator which in turn can decay to dark matter. In this situation the production of dark matter is

a two body process rather than three body and so is enhanced by a phase space factor. Note that

in this case the mediator could also have a substantial branching fraction to jets, leading to a di-jet

invariant mass peak, though this is model dependent and will not be consider here further.

For simplicity, we consider the mediator to be a SM singlet vector or scalar and consider the

effects as its mass is lowered. In particular, we consider the case of both a 10 GeV and 100 GeV vector

mediator, in both cases we consider the width to be 1% i.e. Γ = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).

As we alter the mass of the mediator we also alter its couplings to the SM and the dark sector,

gq and gχ respectively, so that the mono-jet production cross section satisfies the CDF bound. The

effects of a light mediator for the case of SI DM, O2, and SD DM, O3, are shown in Figure 5. The

weakening of the limits for light mediators is clearly seen, and the slight enhancement for the case

where the mediator is produced on shell (M = 100 GeV and mχ < 50 GeV) is also observable.

4.1 Momentum dependent

A particular model of dark matter that requires the introduction of light mediators is the case of

DM that has a momentum dependent coupling to nucleons [14, 15].These types of models provide

a possible explanation for the DAMA modulation signal, but in order to do so require mediators

less than 10 GeV in mass. Although light from a collider perspective the masses considered are still

sufficiently heavy that at direct detection experiments the mediator can be integrated out an effective

four fermion operator can be written. The axial-scalar operator O4 leads to momentum dependent

and spin dependent dark matter scattering and at the nucleon level the operator is,

ONq
4 = −i CN

q

(

N̄γ5N
)

(χ̄γ5χ)

Λ2
, (12)

where we have integrated out the mediator and Λ = M/
√
gq qχ. In going from quark to nucleonic

operators we introduce CN
q = 〈N |q̄iγ5q|N〉, which are numerically [17]

Cp
u = 168.5, Cn

u = −165.2 ,

Cp
d = −164.2, Cn

d = 165.8 ,

Cp
s = −4.3, Cn

s = −0.67 . (13)
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Figure 6: The constraints on the momentum and spin dependent model from mono-jet searches. The
solid lines are for a mediator withM = 10 GeV, while the dashed lines are a mediator withM = 1 GeV.
The DAMA allowed region is shown in the green contours and is taken from Ref. [15].

The differential cross section for DM scattering off a nucleon is given by

dσNq
4

d cos θ
=

1

32πΛ4

q4

(mχ +mN )2
(CN

q )2 , (14)

where q is the exchanging momentum of the DM scattering off the nucleon.

Following Ref. [15], we use a reference momentum, qref = 100 MeV, and compare the Tevatron

constraints to the region of parameter space that best fits the DAMA result, taken from Figure 3(b)

in [15]). The results are shown in Figure 6; we consider the cases of M = 1, 10 GeV.

We see that the dilution of the Tevatron constraints by the light mediator means that momentum

dependent dark matter with M = 1 GeV is not severely constrained by the mono-jet search. However,

if instead the mediator is 10 GeV and has O(1) couplings, then the lack of a mono-jet excess places

strong constraints on the model and rules out the DAMA preferred region2, note that unlike previous

cases, the constraints coming from the strange quarks are the most stringent. This is due to a small

matrix element for the strange quark in equation (13).

5 Discussions and conclusions

It is worthwhile to consider possible improvements to the dark matter search at the Tevatron, and in

the future at the LHC. Here we placed bounds on dark matter using only the total rate of mono-jet

signal events above a certain pT cut. An analysis that takes the spectrum shape into account may yield

2This option may well be ruled out by other limits.
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where q is the exchanging momentum of the DM scattering off the nucleon.

Following Ref. [15], we use a reference momentum, qref = 100 MeV, and compare the Tevatron

constraints to the region of parameter space that best fits the DAMA result, taken from Figure 3(b)

in [15]). The results are shown in Figure 6; we consider the cases of M = 1, 10 GeV.

We see that the dilution of the Tevatron constraints by the light mediator means that momentum

dependent dark matter with M = 1 GeV is not severely constrained by the mono-jet search. However,

if instead the mediator is 10 GeV and has O(1) couplings, then the lack of a mono-jet excess places

strong constraints on the model and rules out the DAMA preferred region2, note that unlike previous

cases, the constraints coming from the strange quarks are the most stringent. This is due to a small

matrix element for the strange quark in equation (13).

5 Discussions and conclusions

It is worthwhile to consider possible improvements to the dark matter search at the Tevatron, and in

the future at the LHC. Here we placed bounds on dark matter using only the total rate of mono-jet

signal events above a certain pT cut. An analysis that takes the spectrum shape into account may yield

2This option may well be ruled out by other limits.
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the constraint on direct detection will not be competitive with those from direct detection experi-

ments themselves. However, there is an interesting regime with both a light mediator and light DM,

2mχ < M < s1/2, where the production of DM in mono-jet events can take place through an on-shell

mediator which in turn can decay to dark matter. In this situation the production of dark matter is

a two body process rather than three body and so is enhanced by a phase space factor. Note that

in this case the mediator could also have a substantial branching fraction to jets, leading to a di-jet

invariant mass peak, though this is model dependent and will not be consider here further.

For simplicity, we consider the mediator to be a SM singlet vector or scalar and consider the

effects as its mass is lowered. In particular, we consider the case of both a 10 GeV and 100 GeV vector

mediator, in both cases we consider the width to be 1% i.e. Γ = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).

As we alter the mass of the mediator we also alter its couplings to the SM and the dark sector,

gq and gχ respectively, so that the mono-jet production cross section satisfies the CDF bound. The

effects of a light mediator for the case of SI DM, O2, and SD DM, O3, are shown in Figure 5. The

weakening of the limits for light mediators is clearly seen, and the slight enhancement for the case

where the mediator is produced on shell (M = 100 GeV and mχ < 50 GeV) is also observable.

4.1 Momentum dependent

A particular model of dark matter that requires the introduction of light mediators is the case of

DM that has a momentum dependent coupling to nucleons [14, 15].These types of models provide

a possible explanation for the DAMA modulation signal, but in order to do so require mediators

less than 10 GeV in mass. Although light from a collider perspective the masses considered are still

sufficiently heavy that at direct detection experiments the mediator can be integrated out an effective

four fermion operator can be written. The axial-scalar operator O4 leads to momentum dependent

and spin dependent dark matter scattering and at the nucleon level the operator is,

ONq
4 = −i CN

q

(

N̄γ5N
)

(χ̄γ5χ)

Λ2
, (12)

where we have integrated out the mediator and Λ = M/
√
gq qχ. In going from quark to nucleonic

operators we introduce CN
q = 〈N |q̄iγ5q|N〉, which are numerically [17]

Cp
u = 168.5, Cn

u = −165.2 ,

Cp
d = −164.2, Cn

d = 165.8 ,

Cp
s = −4.3, Cn

s = −0.67 . (13)
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the constraint on direct detection will not be competitive with those from direct detection experi-
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mediator which in turn can decay to dark matter. In this situation the production of dark matter is

a two body process rather than three body and so is enhanced by a phase space factor. Note that

in this case the mediator could also have a substantial branching fraction to jets, leading to a di-jet

invariant mass peak, though this is model dependent and will not be consider here further.

For simplicity, we consider the mediator to be a SM singlet vector or scalar and consider the
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mediator, in both cases we consider the width to be 1% i.e. Γ = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).

As we alter the mass of the mediator we also alter its couplings to the SM and the dark sector,

gq and gχ respectively, so that the mono-jet production cross section satisfies the CDF bound. The

effects of a light mediator for the case of SI DM, O2, and SD DM, O3, are shown in Figure 5. The

weakening of the limits for light mediators is clearly seen, and the slight enhancement for the case

where the mediator is produced on shell (M = 100 GeV and mχ < 50 GeV) is also observable.
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DM that has a momentum dependent coupling to nucleons [14, 15].These types of models provide

a possible explanation for the DAMA modulation signal, but in order to do so require mediators

less than 10 GeV in mass. Although light from a collider perspective the masses considered are still

sufficiently heavy that at direct detection experiments the mediator can be integrated out an effective

four fermion operator can be written. The axial-scalar operator O4 leads to momentum dependent

and spin dependent dark matter scattering and at the nucleon level the operator is,
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gq qχ. In going from quark to nucleonic

operators we introduce CN
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The differential cross section for DM scattering off a nucleon is given by

dσNq
4

d cos θ
=

1

32πΛ4

q4

(mχ +mN )2
(CN

q )2 , (14)

where q is the exchanging momentum of the DM scattering off the nucleon.

Following Ref. [15], we use a reference momentum, qref = 100 MeV, and compare the Tevatron

constraints to the region of parameter space that best fits the DAMA result, taken from Figure 3(b)

in [15]). The results are shown in Figure 6; we consider the cases of M = 1, 10 GeV.

We see that the dilution of the Tevatron constraints by the light mediator means that momentum

dependent dark matter with M = 1 GeV is not severely constrained by the mono-jet search. However,

if instead the mediator is 10 GeV and has O(1) couplings, then the lack of a mono-jet excess places

strong constraints on the model and rules out the DAMA preferred region2, note that unlike previous

cases, the constraints coming from the strange quarks are the most stringent. This is due to a small

matrix element for the strange quark in equation (13).

5 Discussions and conclusions

It is worthwhile to consider possible improvements to the dark matter search at the Tevatron, and in

the future at the LHC. Here we placed bounds on dark matter using only the total rate of mono-jet

signal events above a certain pT cut. An analysis that takes the spectrum shape into account may yield

2This option may well be ruled out by other limits.
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dependent dark matter with M = 1 GeV is not severely constrained by the mono-jet search. However,
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2mχ < M < s1/2, where the production of DM in mono-jet events can take place through an on-shell

mediator which in turn can decay to dark matter. In this situation the production of dark matter is

a two body process rather than three body and so is enhanced by a phase space factor. Note that

in this case the mediator could also have a substantial branching fraction to jets, leading to a di-jet

invariant mass peak, though this is model dependent and will not be consider here further.
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mediator, in both cases we consider the width to be 1% i.e. Γ = 0.01M . We leave the possibility

of mediators that are charged under the SM, such as squarks, for future study (though their masses

cannot be lowered below current direct bounds).

As we alter the mass of the mediator we also alter its couplings to the SM and the dark sector,

gq and gχ respectively, so that the mono-jet production cross section satisfies the CDF bound. The

effects of a light mediator for the case of SI DM, O2, and SD DM, O3, are shown in Figure 5. The

weakening of the limits for light mediators is clearly seen, and the slight enhancement for the case

where the mediator is produced on shell (M = 100 GeV and mχ < 50 GeV) is also observable.
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A particular model of dark matter that requires the introduction of light mediators is the case of

DM that has a momentum dependent coupling to nucleons [14, 15].These types of models provide

a possible explanation for the DAMA modulation signal, but in order to do so require mediators

less than 10 GeV in mass. Although light from a collider perspective the masses considered are still

sufficiently heavy that at direct detection experiments the mediator can be integrated out an effective

four fermion operator can be written. The axial-scalar operator O4 leads to momentum dependent

and spin dependent dark matter scattering and at the nucleon level the operator is,
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√
gq qχ. In going from quark to nucleonic

operators we introduce CN
q = 〈N |q̄iγ5q|N〉, which are numerically [17]

Cp
u = 168.5, Cn

u = −165.2 ,

Cp
d = −164.2, Cn

d = 165.8 ,

Cp
s = −4.3, Cn

s = −0.67 . (13)
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iDM, exothermic DM

neutron scattering in the right panel, the Tevatron limit is still the best for the up-type quark operator.

Limits for a flavor universal operator are close to those of the pure up operator.

3.3 Inelastic, Exothermic and streams

We will now discuss constraints on several dark matter scenarios which have been proposed in the

context of the DAMA modulation signal.The event rate in a direct detection experiment at a given

recoil energy ER is proportional to

dR

dER
∝ nχσN

∫ vesc

vmin

f(v)

v
dv , (10)

where f(v) is the velocity distribution of dark matter and nχ is the number density of the dark matter

species in question.

One interesting possibility is that if dark matter up-scatters from a ground state to a slightly

excited one, the minimum velocity required for scattering is affected as

vmin =

√

1

2mTER

(

mTER

µT
+ δ

)

(11)

where mT is the target nucleus mass, µT is the target-dark matter reduced mass, and δ is the mass

splitting. This increase in the minimum velocity required to scatter causes the integral in equation (10)

to be suppressed in iDM models (it also becomes more sensitive to velocity modulation, thus explaining

DAMA well). In order to keep a certain event rate fixed, one would need to enhance the nucleon cross

section by the corresponding factor. However, high energy collisions are not sensitive to theO(100 keV)

splittings between the dark matter states and thus collider bounds will have a relative advantage here.

To explore the sensitivity of the mono-jet search to iDM we show the spin independent bounds

again in Figure 4 now compared to the parameter space of iDM that explains DAMA at 99% C.L.,

taken from several studies. The DAMA preferred region depends sensitively on various assumptions

to which our bounds are not sensitive. These range from astrophysical quantities such as the dark

matter velocity distribution as well as experimental issues such as the DAMA energy resolution and

the presence or absence of channeling in DAMA. In particular in Figure 4 we show the DAMA best

fit region in the black contour region from Ref. [25, 26] at 99% C.L. for a fixed value δ = 35 keV

(for the lower mass region) and δ = 120 keV (for the higher mass region). We also included another

fit in the green dashed region from Ref. [27], where the parameter δ has been treated as a floating

parameter. All of these regions are also constrained by other direct detection experiments to various

degrees, depending on the assumptions. We emphasize that the Tevatron is sensitive to a large part

of the DAMA preferred region independent of these assumptions.
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Figure 4: The constraints on iDM and exoDM with the DAMA best fit region for iDM as given in
Ref. [30] (green, dotted), and in Ref. [28, 29] (black, solid). The DAMA best fit regions for exothermic
DM taken from Ref. [14] is shown in red (small lower region) and from Ref. [15] in blue (small upper
region), note that this model uses a light mediator, which will weaken the mono-jet constraints.

cross section is required in order to enhance the modulation signal which is reduced in exothermic

reactions. The allowed region from [14] lying below 10−39 cm2 may also be probed in future Tevatron

analyses.

A third class of models in which collider bounds have a relative advantage are those in which

direct detection signals are arising from a sub-dominant component of the dark matter halo. For

example, one could exploit the fact that the number density of a thermal relic generically scales as the

inverse of the annihilation cross section n ∝ 1/〈σv〉 to argue that the rate count at a direct detection

experiment, nσv is a constant as the coupling strength of the thermal relic with matter is increased.

As the relic couples more strongly it becomes less abundant while keeping the rate fixed. The Tevatron

bound, which obviously does not depend on the number density of dark matter places a direct upper

bound on σ. For example, in [15] a light relic which accounts for about 1% of the dark matter energy

density scatters with a cross section of a few×10−38 cm2, which is strongly constrained by the Tevatron

mono-jet bound.

In addition, some direct detection models for DAMA have relied on streams of dark matter that

have a low velocity dispersion, but are sub-dominant contribution to the halo density. A stream model

may also have an enhanced cross section, if the number density in the stream is below that of the

generic halo. Examples of such possibilities that may be constrained by our bounds were explored

in [29, 31].

It should be emphasized however, that all of these models may escape the Tevatron bound if the
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Figure 7: (a) Comparisons of the shapes of the signal, the SM background and CDF measured events.
The SM predictions are shown in the green and the CDF observed data are shown in red. (b)
Comparisons of simulated signal events from two different Monte-Carlo tools and for the parton and
the particle levels. The cutoff Λ ≡ M/

√
gχgq is chosen to be 1 TeV.

more powerful bounds. Furthermore, a bound may be extracted from mono-photon events, although

at hadron colliders this is subdominant to the one we consider. We show the spectral shape of the

signal compared to the background in Figure 7(a). We find that the signal spectrum is somewhat

harder than the background, especially when the messenger mass is much higher than the dark matter

mass. We find that including showering, hadronization (using Pythia [31]) and a detector simulation

(PGS [32]) does not change the signal shape significantly, particularly above 100 GeV, as is shown in

Figure 7(b). This may allow us to place tighter constraints using a multi-bin analysis as compared

with a simple counting experiment, since signal predicts more deviations in high pT bins. However,

this would require knowledge of the theoretical uncertainty on a bin-by-bin basis which is not presently

available.

In this work we show that the Tevatron mono-jet search places competitive bounds on dark matter-

nucleus cross sections relevant for direct detection experiments. In particular, the Tevatron limits are

the current world-best for light dark matter, below a mass of 5 GeV. The Tevatron also sets the best

limit spin dependent dark matter scattering. Various models built to explain the DAMA modulation

signal such as inelastic and exothermic dark matter are also constrained by current Tevatron searches.

In addition to considering dark matter that couples to quarks via contact interactions we have taken

the possibility of light mediators, as motivated by cosmic ray excesses [30] into account. We find that
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Improvements [Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu]
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FIG. 4: Regions of parameter space excluded by Teva-
tron searches, CDMS/Xenon 10 [7, 8], CoGeNT [26], and
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is the parameter space favored by a WIMP interpretation of
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IV. IMPLICATIONS FOR DIRECT DETECTION

Only operators M1, M6, and M7 contribute to di-
rect detection in the limit of zero momentum trans-
fer. Through standard calculations [34] we find that the
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FIG. 6: The regions of parameter space excluded by Tevatron
and other constraints (taken from [33]).

single-nucleon cross sections due to these operators are
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where µχ is the reduced mass. We translate our limits
on M∗ for each operator into a constraint on the direct
detection cross section (for the relevant operators) which
can be induced by that operator. In Figs 4-6, we plot the
constraints from the Tevatron and the discovery reach of
the LHC on the cross sections, as well as other existing
constraints.
The most striking feature of our collider-derived con-

straints is the fact that they are sensitive to arbitrarily
light DM particles. They are thus highly complementary
to direct detection experiments, which have limited sen-
sitivity to light DM due to their finite energy threshold.
For light Majorana WIMPs, colliders make definite and
important statements about the properties of DM. More
generally, models with very low WIMP masses are most
efficiently probed at colliders.
For WIMPs of mass less than 10 GeV, the Tevatron

constraints already rule out cross sections above ∼ 10−37

cm−2, which are allowed by all other constraints. If the
DM couples through an operator like χχG2, the LHC will
be able to place bounds far superior to any near-future
DM experiment searching for spin-independent scatter-
ing, even for DM masses up to a TeV. Spin-dependent
experiments are already outperformed in much of param-
eter space by current Tevatron bounds, while the LHC
can place bounds several orders of magnitude better than
near-future spin-dependent experiments.
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where µχ is the reduced mass. We translate our limits
on M∗ for each operator into a constraint on the direct
detection cross section (for the relevant operators) which
can be induced by that operator. In Figs 4-6, we plot the
constraints from the Tevatron and the discovery reach of
the LHC on the cross sections, as well as other existing
constraints.
The most striking feature of our collider-derived con-

straints is the fact that they are sensitive to arbitrarily
light DM particles. They are thus highly complementary
to direct detection experiments, which have limited sen-
sitivity to light DM due to their finite energy threshold.
For light Majorana WIMPs, colliders make definite and
important statements about the properties of DM. More
generally, models with very low WIMP masses are most
efficiently probed at colliders.
For WIMPs of mass less than 10 GeV, the Tevatron

constraints already rule out cross sections above ∼ 10−37

cm−2, which are allowed by all other constraints. If the
DM couples through an operator like χχG2, the LHC will
be able to place bounds far superior to any near-future
DM experiment searching for spin-independent scatter-
ing, even for DM masses up to a TeV. Spin-dependent
experiments are already outperformed in much of param-
eter space by current Tevatron bounds, while the LHC
can place bounds several orders of magnitude better than
near-future spin-dependent experiments.
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Conclusions

•Mono-jet searches at the Tevatron already place strong 
constraints on dark matter
•Competitive with direct detection searches
•Light DM
•Spin dependent
•Non-standard DM e.g. iDM, exoDM, MDDM

•Independent of all astrophysics uncertainties
•Shape information, more luminosity,...
•Light mediators weaken collider bounds
•If we see a DD signal in a region ruled out by colliders 
we have discovered 2 particles

Mono-jet + mono-photon analyses important
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